Malignant glioma is one of the most common primary brain tumors that develop via multiple pathways and gene deregulation. MicroRNAs are involved in human cancer development and progression, and their serum expression profiles of glioma patients may be useful for classifying cancers. However, the profile and molecular mechanism of serum microRNAs for human glioma are poorly understood. Thus, it is crucial to analyze microRNA expression in human glioma serum to identify molecular subclasses and early stage of glioma. In this study, we performed microRNA alteration that contributes to glioma profile via analysis of The Cancer Genome Atlas RNA sequencing data and other independent Gene Expression Omnibus microarray data. We identified the glioma-associated novel microRNA as a key regulator of human glioma development and progression. The putative novel miR-1825 was validated by real-time polymerase chain reaction and its expression was significantly decreased in the serum of glioma patients compared with healthy controls. Patients with high miR-1825 expression had a longer survival rate. Interestingly, we found that miR-1825 expression levels were dependent on tumor size and pathological grading in glioma patients, but not associated with other factors including age and T classification. MicroRNA-Gene Ontology network indicated that miR-1825 may play an important role in the development of human glioma including apoptosis, cell proliferation, and invasion. In vitro assays of miR-1825 inhibit U87 cell proliferation and invasion and induce apoptosis. Furthermore, we provide evidence that the tumor-suppressive microRNA miR-1825 controls KLF2 expression. Reporter gene analyses revealed that both microRNAs directly targeted the 3′-untranslated region of KLF2 messenger RNA. These data demonstrated that miR-1825 expression in serum of human glioma was associated with tumorigenesis and miR-1825 may be used as a biomarker for identification of the pathological grade of glioma.
Introduction
Small non-coding microRNAs (miRNAs) are a type of non-coding RNA that mediates post-transcriptional gene silencing by binding to the 3′-untranslated region of messenger RNA (mRNA). [1] [2] [3] [4] [5] Previous studies demonstrated that miRNAs are involved in cancer development and progression, and serum profiles of human cancer patients may be useful for early recognition and effective treatment. MiRNAs play important regulatory roles in various biological processes, including cellular proliferation, apoptosis, angiogenesis, and invasion. 6, 7 Many studies have provided evidence that varieties of miRNAs are involved with the initiation and progression of human malignancies. Thus, serum miRNA profiles have been highlighted as new players in tumorigenesis by functioning as tumor suppressors and biomarkers. [8] [9] [10] Gliomas make up about 30% of all brain and central nervous system tumors and 80% of all malignant brain tumors. [11] [12] [13] Gliomas are further categorized according to their grade, which is determined by pathological evaluation of the tumor. Low-grade gliomas (World Health Organization (WHO) grade II) are well-differentiated (non-anaplastic); these tend to exhibit benign tendencies and portend a better prognosis for the patient. However, they have a uniform rate of recurrence and increase in grade over time, so should be classified as malignant. High-grade (WHO grades III-IV) gliomas are undifferentiated or anaplastic; these are malignant and carry a worse prognosis. [14] [15] [16] Despite intense efforts to optimize the treatment of gliomas, the outcomes of high-grade glioma patients are still frustrating. The conventional treatment consists of surgical resection followed by radiotherapy and adjuvant chemotherapy with temozolomide, an oral alkylating agent. The causes and progress of gliomas have been investigated extensively. However, the median survival is 12-15 months, with survival rates of 20% and 5% at 2 and 5 years, respectively. 17 Early recognition and effective treatment are vital for management of human glioma. To conduct a comprehensive characterization of deregulated miRNAs in glioma, we analyzed The Cancer Genome Atlas (TCGA) glioblastoma multiforme and brain lower grade glioma miRNAseq data and glioma microarray data including GSE25631, GSE41915, and GSE37737 from Gene Expression Omnibus (GEO) datasets. The use of this powerful bioinformatics has resulted in the identification of a novel serum biomarker for human glioma, miR-1825, which plays an important role in the development of human glioma.
Materials and methods

RNA sequencing analysis
Glioma miRNA expression data were downloaded from the TCGA Data Portal (https://gdc-portal.nci.nih.gov/ search/s) and GEO dataset (https://www.ncbi.nlm.nih.gov/ geo/). Raw data files were normalized at transcript and gene levels by means of the robust multi-array average (RMA) method (RMA workflow). Median levels of transcript expressions were calculated. The BAM files and normalized probe-level intensity files were downloaded from TCGA and GEO databases, respectively.
Patients and RNA isolation
The blood samples of this study contained 57 human gliomas and 57 age-matched healthy controls who were enrolled from March 2012 to May 2013 at the Suining Central Hospital. The clinical characteristics of the glioma patients are described in detail in Table 1 . Blood samples (3 mL) were obtained from the elbow vein from fasting subjects without anticoagulant. After centrifugation at 5000 r/min for 7 min, the supernatant was retained in cryopreservation tubes and stored at −80°C until use. For quantitative real-time polymerase chain reaction (qRT-PCR), each subject provided 300 µL of serum. Serum total RNA 
Cell proliferation and apoptosis assays
Cell proliferation ability was examined using a Cell Counting Kit 8 (CCK-8; Dojindo, Japan). U87 cells transfected with control or miR-1825 mimics were harvested 48 h after transfection by trypsinization. After the double staining with fluorescein isothiocyanate (FITC)-Annexin V and propidium iodide (PI), the cells were analyzed with a flow cytometer.
Luciferase reporter assays
HEK293 cells, seeded into six-well plates, were cotransfected with 1 mg of the reporter gene constructs (pKLF2-3.0, pKLF2-3.1, pKLF2-3.2, and pKLF2-3.0 Mut) and 2.5 nmol/L of miScript miRNA mimics. After 48 h, cells were lysed and analyzed for Renilla and Firefly luciferase activity using the dual-luciferase assay system (Promega, Madison, USA). Each transfectant was assayed in triplicates. Activity of Renilla luciferase was normalized to Firefly luciferase.
Statistical analysis
For microarray analysis, differentially expressed genes were confirmed using a p value threshold and false discovery rate (FDR) analysis. The threshold of truly significant miRNA was taken to be p value less than 0.05 and FDR value less than 0.05. The statistical analysis was performed with the software of SPSS version 18.0 for Windows. All the data were expressed as mean ± standard deviation (SD). The statistical significance was evaluated by analysis of variance (ANOVA) or two-tailed t-test, and the results were considered significant at a p value less than 0.05.
Results
MiR-1825 is specifically down-expressed in serum of human glioma
To identify differently expressed miRNAs that are involved in glioma tumorigenesis, we used an integrative analysis of TCGA glioblastoma multiforme and brain lower grade glioma miRNA-seq data and glioma microarray data including GSE25631, GSE41915, and GSE37737 from GEO datasets. We identified 175 miR-NAs deregulated in the TCGA data, 77 in GSE25631 datasets, and 57 in GSE41915/GSE37737 datasets (fold change > 4.0, q < 0.05; Figure 1 (a)). We selected three miRNAs that showed decreased expression as these miRNAs may be used as biomarkers for early diagnosis or therapeutic targets (Figure 1(b) ). Then, we detected the expression levels of three miRNAs in 17 pairs of glioma and age-matched healthy control serums using qRT-PCR. We found that the expression of miR-1825 was significantly decreased in glioma serum as compared with healthy controls (Figure 1(c) ). The expression of MiR-1825 was further validated in 57 patients with other cancers including 15 liver cancer patients, 15 breast cancer patients, 17 gastric cancer patients, and 10 cervical cancer patients (Figure 1(d) ). The results showed that the expressions of miR-1825 were significantly decreased in glioma patients as compared with other cancer patients.
MiR-1825 expression is correlated with glioma progression and poor prognosis
To investigate miR-1825 expression with respect to human glioma progression, the miR-1825 expression in blood samples of 37 human glioma and 37 age-matched healthy controls was examined by qRT-PCR analysis. As shown in Figure 2 (a), miR-1825 serum expression level was significantly reduced in glioma cancer patients compared with healthy controls. All patients were divided into high and low miR-1825 expression level groups according to the median value. Kaplan-Meier survival analysis showed that the overall survival rates for the high miR-1825 expression level group were lower than those in the low miR-1825 expression level group (Figure 2(b) ). Interestingly, we found that miR-1825 expression levels were dependent on tumor size (p = 0.025) and pathological grading (p = 0.012) in glioma patients, but not associated with other factors including age and T classification as shown in Table 1 . Kaplan-Meier survival analysis showed that low miR-1825 expression also predicts shorter overall survival of glioma patients (Table 1 ). These data showed that miR-1825 might act as tumor-suppressive factor during the glioma progression.
Co-expression miRNA-gene-network analysis
To investigate the biological mechanism and functions of miR-1825, its target genes were predicted by starBase, TargetScan, miRBase, and miRanda. The results showed 31 target genes for miR-1825 (Figure 3(a) ). We performed Gene Ontology (GO) enrichment analyses and constructed a miRNA-gene network which indicates the pivotal regulatory functions of miR-1825 and their target genes. Gene networks were constructed as shown in Figure 4(a) . Furthermore, we built a miRNA-GO network to understand the key mechanism of miR-1825 ( Figure 3(b) ). These data indicated that miR-1825 may play an important role in the development of human glioma including apoptosis, cell proliferation, and invasion.
MiR-1825 inhibits cell proliferation and invasion and induces apoptosis
To investigate the function of miR-1825 in regulating cancer cell phenotype, we first transfected specific miR-1825 mimics into U87 cells. Transfection efficiency was verified by qRT-PCR (Figure 4(a) ). Cell counting assays showed that over-expression of miR-1825 impaired cell proliferation (Figure 4(b) ). As our GO and pathway results showed that miR-1825 exerts a tumor-suppressive effect, we determined whether miR-1825 was involved in the regulation of cell apoptosis by performing flow cytometry. We found that over-expression of miR-1825 significantly induced glioma cell apoptosis (Figure 4(d) ). Transwell invasion assays showed that over-expression of miR-1825 dramatically decreased cell invasion (Figure 4(c) ).
MiR-1825 repressing KLF2 expression by binding to 3′-UTR
To address the mechanism of miR-1825 involved in the regulation of human glioma, we screened the conserved miR-1825-binding sites. The TargetScan database predicted binding of miR-1825 to the 3′-UTR of KLF2 ( Figure 5(a) ). KLF2 has been identified as tumor suppressors by inducing cell-cycle arrest and apoptosis upon ectopic expression in malignant cells. To determine the role of miR-1825 in the regulation of KLF2 expression, we generated reporter gene constructs, fusing the KLF2 3′-UTR downstream and two deletion variants to a luciferase reporter gene; the construct was named as pKLF2-3.0/3.1/3.2. These reporter constructs were then transfected into HEK293 cells together with miR-1825 mimics. Transfection of pKLF2-3.0 and pKLF2-3.1 in combination with the miR-1825 mimics revealed a clear reduction in luciferase activity for miR-1825 and reduced reporter gene expression ( Figure 5(b) ). In contrast, miR-1825 did not negatively influence the activity of the pKLF2-3.3 construct lacking the predicted miR-1825 binding site ( Figure  5(c) ). Furthermore, we constructed the miR-1825 seed sequence-binding site mutation, resulting in pKLF2-3.1 Mut ( Figure 5(d) ). Consistent with this mutation, the negative effect of miR-1825 mimics on reporter gene expression was abrogated.
Discussion
MiRNAs are small non-coding RNAs that regulate gene expression and multiple cellular processes including cell proliferation, stem cell differentiation, and epithelial-mesenchymal transition. [18] [19] [20] Malignant glioma is a common cancer with very poor prognosis due to its invasiveness, tumor heterogeneity, and resistance to chemotherapy. Depending on the genes targeted, miRNAs can act as tumor suppressors or oncogenes. Recent evidence shows deregulated expression of miRNAs in human glioma, including upregulation of miR-215, miR-296, and miR-486 and downregulation of miR-376 and miR-182. [21] [22] [23] Efforts are focused on characterizing the molecular biomarker of these tumors to diagnose them and define new targets amenable to therapy. So, early diagnosis and effective treatments are vital for management of human glioma. Previous studies have reported a network of interacting tumor biomarkers specifically disrupted in glioblastoma that include neurofibromatosis type 2 (NF2) and Na/H exchanger-3 regulatory factor-1 (NHERF1). Comprehensive analysis of miRNA expression between glioma patients and healthy controls will help us to better understand the roles of miRNAs in the development of the disease as well as to find novel biomarkers for human glioma diagnosis and prognosis for individualized therapy. 24, 25 In this study, we aimed at miRNAs expression profile using TCGA glioblastoma multiforme and brain lower grade glioma miRNA-sequence data and glioma microarray datasets. We selected three miRNAs that showed decreased expression as these miRNAs may be used as biomarkers for early diagnosis or therapeutic targets. The expression of MiR-1825 was further validated in 57 patients with other cancers, including 15 liver cancer patients, 15 breast cancer patients, 17 gastric cancer patients, and 10 cervical cancer patients. We demonstrated that the expressions of miR-1825 were significantly decreased in glioma patients as compared with other cancer patients. MiR-1825 serum expression level was significantly reduced in glioma cancer patients compared with healthy controls. All patients were divided into high and low miR-1825 expression level groups according to the median value. Kaplan-Meier survival analysis showed that the overall survival rates for the high miR-1825 expression level group were lower than those in the low miR-1825 expression level group. Interestingly, we found that miR-1825 expression levels were dependent on tumor size and pathological grading in glioma patients. MiRNA-GO-network indicated that miR-1825 may play an important role in the development of human glioma, including apoptosis, cell proliferation, and invasion. In vitro assays of miR-1825 inhibit U87 cell proliferation and invasion and induce apoptosis. Furthermore, we provide evidence that the tumor-suppressive miRNA miR-1825 controls KLF2 expression. Reporter gene analyses revealed that both miRNAs directly targeted the 3′-UTR of KLF2 mRNA.
In conclusion, our study provide profiling the miRNAs expression signatures by analyzing a cohort of The Cancer Genome Atlas (TCGA) and Gene Expression Omnibus (GEO) datasets. MiR-1825 is the first one to be selected as a potential biomarker to glioma progression and define new targets amenable to therapy. 
